Abstract Orchard and vineyard producers conduct preplant site evaluations to help prevent planting permanent tree and vine crops on lands where the crop will not perform to its highest potential or attain its full life expectancy. Physical soil characteristics within specific soil profiles and spatially throughout an orchard influence decisions on land preparation, irrigation system selection, horticultural choices, and nutrient management. Producers depend on soil surveys to help them understand the soil characteristics of the land and may be interested in technology that provides additional information. Electromagnetic induction (EM38) and four-probe soil resistance sensors (VERIS) are being used in combination with global positioning systems to map spatial variability of soils using apparent soil electrical conductivity (ECa). The hypothesis evaluated in this study is whether rapid, in situ, and relatively low-cost methods of measuring ECa (EM38 and VERIS) can effectively identify and map physical soil variability in non-saline soils. The supposition is that in non-saline soils, ECa levels will relate well to soil texture and water-holding capacity and can be used to map physical soil variability. In turn, the information can be used to guide decisions on preplant tillage, irrigation system design, water and nutritional management, and other horticultural considerations. Two sites in the Sacramento Valley were mapped each with EM38 and VERIS methods. Site-specific management zones were identified by each provider on ECa maps for each site, and then soil samples were collected by University of California researchers to verify these zones. Results showed that on non-saline soils, ECa measured with both EM38 and VERIS correlate with physical soil properties such as gravel, sand, silt, and clay content but the relationship between conductivity and these physical soil properties varied from moderately strong to weak. The strength of the correlation may be affected by several factors including how dominant soil texture is on conductivity relative to other soil properties and on methods of equipment operation, data analysis and interpretation. Overall, the commercial providers of ECa surveys in this study delivered reasonable levels of accuracy that were consistent with results reported in previous studies. At one site, an ECa map developed with VERIS provided more detail on physical soil variability to supplement published soil surveys and aided in the planning and development of a walnut orchard. At a second site, almond yield appeared to correlate well with distinctly different soil zones identified with EM38 mapping.
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Introduction
Mobile equipment that measures apparent electrical conductivity (ECa)) every few meters (Carter et al. 1993; Kitchen et al. 1996) combined with use of global positioning systems (GPS) and geographical information systems (GIS) to map soil variability are beginning to be used in land suitability assessments before establishing permanent orchards or vineyards. Measurement and mapping of bulk ECa with mobile equipment and GPS systems may improve the understanding of spatial soil variability above that currently attained from traditional soil survey methods and maps (Robinson et al. 2008) . In orchard and vineyard systems, more precise soil information may improve decisions on deep tillage, irrigation system design, and the approach to water and fertility management. An example would be designing a pressurized irrigation system to allow different irrigation schedules for zones of different soil texture. Improved soil information may also influence horticultural decisions such as rootstock selection and planting density. Water and soil resources may be utilized more effectively by minimizing the occurrence of chronic orchard problems associated with unsuitable soil conditions and premature decline in tree health.
In agriculture, rapid measurement of apparent electrical conductivity (ECa) can be measured with either electromagnetic induction (EM38, Geonics Limited, Mississauga, Ontario, Canada, L5T 1C6, McNeill 1992) or by directly measuring the soil resistance with a VERIS (Veris Technologies, Salina, KS, 67401, Lund et al. 1999) implement. The EM 38, a non-invasive instrument, can be operated in two orientations, horizontal and vertical to the soil surface, to effectively measure ECa to a cumulative depth of about 0.5 and 1.0 m, respectively (Sudduth et al. 2005) . The VERIS implement uses two sets of rolling coulter electrodes to directly sense soil ECa at approximately the same depths as the EM38 (Sudduth et al. 2005) . These measurement depths correspond with a significant fraction of the root zone for orchards and vineyards. A thorough discussion of the theory and principles of measuring ECa have been published (Hendrickx et al. 2002) and summarized in an overview with photographs.
Soil ECa can be influenced by both static and changing factors including salinity, soil texture, mineralogy, soil water content, bulk density, and temperature (Johnson et al. 2003; Friedman 2005) . Generally, the magnitude and spatial heterogeneity of ECa in a field are dominated by one or two of these factors, which will vary from one field to the next making interpretation of ECa measurements highly site specific . ECa can be used to indirectly estimate soil properties if the contributions of the other soil properties affecting the ECa measurement are known or can be estimated (Sudduth et al. 2005) .
Salinity and nutrients such as nitrate have been a major focus for mapping ECa in the last three decades (McNeill 1992; Carter et al. 1993; Cannon et al. 1994; Rhoades 1993; Corwin et.al. 2003; Johnson et al. 2003) . ECa mapping can be used to accurately detect temporal changes in soil water content, when calibrated for salinity (Sheets and Hendrickx 1995; Andreu et al. 1997; Hanson et al. 2000) . Since 1987, at least fourteen studies have evaluated soil ECa as indicator of soil texture with most focusing on clay soils and clay content under annual cropping systems (Sudduth et al. 2005; Triantafilis and Lesch 2005) . Studies have also used ECa mapping to improve upon the understanding of soil properties in relation to landscape position and annual crop production (Jones et al. 1989 ). Lesch and Corwin (2005) specifically demonstrated the use of ECa to map spatial variability in soil texture of a non-saline soil. ECa mapping has also been employed to map soil texture patterns of non-saline soils more precisely at a watershed scale and identify correlations with perennial plant communities (Robinson et al. 2008) . The objective of this study is to also determine whether ECa measurements on non-saline soils will correlate with soil texture when soil water content is at field capacity. Underlying questions addressed by this research include the following: (1) Is ECa mapping performed by different commercial operators using EM 38 or VERIS accurate and consistent; (2) Are EM38 and VERIS methods effective in identifying meaningful differences in physical soil properties that could help in the planning and development of new orchards and vineyards? and (3) Does orchard production and tree health in an existing orchard correlate with physical soil properties identified with these soil-mapping technologies, further indicating the potential value of ECa mapping to more precisely evaluate non-saline soils for development of orchards and vineyards?
Methods
Two study sites in the Sacramento Valley were involved in this project. One site was a 8.9-ha established almond orchard located at the Nickel's Soils Laboratory about 6.4 km southwest of Arbuckle, CA. The predominant soil is Arbuckle sandy loam series (fine-loamy, mixed, superactive, thermic Typic Haploxeralfs) and a secondary soil is Hillgate loam series (coarse-loamy, mixed, superactive, mesic Ultic Haploxerolls) (Harradine 1948 Two independent, commercial operators, one EM38 the other a VERIS practitioner, surveyed each of the sites. The EM38 provider pulled a dual-dipole unit in a PVC housing to acquire ECa measurements in both the horizontal (EMh) and vertical (EMv) orientations . The VERIS provider used Veris model 3100 to acquire ECa data. The operation of the EM38 and VERIS equipment was performed mid-to late winter (February) after 356 and 483 mm of cumulative rainfall had occurred at the Nickels and Cottonwood sites, respectively, to assure soil water content was as uniform as possible to at least a depth of 0.9 m. Each EM or VERIS survey was performed within 5-10 days after recent and significant rains to assure soilwater contents near field capacity and to enable passage of the equipment. Orchard floor vegetation was controlled with preemergence herbicides and mowing in the established almond orchard at the Nickels site while tillage was used to control weeds at the unplanted Cottonwood site. Winter EM38 and VERIS measurements were preferred to summer or fall measurements to avoid collecting data that were confounded by temporal and spatial differences in soil water depletion. It was not possible to arrange EM and VERIS measurements on the same day at each site; however, the EM and VERIS measurements were taken within 7-10 days of each other at each study site.
Each site was mapped by pulling the EM38 or VERIS equipment in back and forth across the entire site and taking continuous measurements in transects spaced 18.3 m apart. ECa was measured in milliSiemens per meter (mS m -1 ) at about a 4 m data spacing every 2-3 s. A total of 1,908 and 2,324 points at the Nickels site and at 5,154 and 7,725 points were measured at the Cottonwood site with EM38 and VERIS, respectively. Data from differential GPS were associated with each EM38 and VERIS reading to provide positional information with accuracy of 1.5 m. Each provider had substantial experience operating their ECa measurement equipment on other farmlands and with interpolating data between the measurement transects prior to providing their services for this study. As a result, both operators used proprietary, pre-specified deterministic soil conductivity models and interpolation methods to develop maps of the ECa for each field. Soil samples were not collected by the commercial providers to apply statistical calibration and prediction techniques .
Due to concerns with releasing proprietary methods of data interpolation, the commercial operators only provided University of California researchers with ECa data from the measured transects and hard copies of the ECa map images for each parcel of land with delineated site-specific soil management zones. They did not provide entire data sets with interpolated data between transects. GIS analytical experts at the University of California Kearney Agricultural Center (UCKAC) interpolated the ECa data collected along the transects using the inverse distance weighted (IDW) algorithm to generate nearly identical replicas of the commercial provider's ECa map images in terms of appearance, scale, and with the same delineation of soil management zones. The IDW algorithm is an interpolation technique that generates an ECa value for a given cell in the image. The contribution of a given sample point to the interpolated value is weighted by the physical distance of a sample point from the cell whose value is being generated. The output cell size is 1.5 m and the buffer radius is 70 m.
Figures 1 and 2 display the map images created by the GIS facility and also show the locations of the soil sample (ground truth) sites in relation to the EM38 and VERIS soil zones for the Nickels site. The ground truth samples were used to examine the zones defined by the commercial EM and VERIS providers for meaningful differences in physical soil properties. Similar maps are shown in Figs. 3 and 4 for the Cottonwood site. The site-specific management zones illustrated in each map were determined by the commercial providers. Due to proprietary concerns, they did not disclose their methods of determining the sitespecific management zones (Johnson et al. 2003) . Based upon the scale of map images, it appeared that the EM provider may have employed an equal size approach to define site-specific management zones, and the VERIS provider may have employed an ''unsupervised'' approach where naturally occurring clusters of ECa data points are defined as site-specific management zones (Johnson et al. 2003) . The commercial providers indicated these management zones represented zones of different soil texture, given the general knowledge that the sites consisted of nonsaline soils and were mapped at field capacity.
Following the EM38 and VERIS operations, University of California researchers used ECa map images created by the commercial providers to develop a soil-sampling grid to validate the findings of these in situ soil-mapping techniques. At the Nickels site, soil samples were collected with a hand auger from 72 auger holes. Locations of the auger holes were georeferenced using GPS with 3.0-m accuracy. Irrig Sci (2011) 29:497-512 499 Locations of the auger holes were determined by the soil zones defined by the EM38 and VERIS mapping and an existing randomized experimental plot design so that soil samples were collected to correspond with each plot of Nonpareil almond variety with a known growth and production history. Soil samples were collected in 0.3-m increments to a depth of 0.9 m. In total, 216 soil samples were collected. The 72 represent about one auger hole every 0.12 ha.
At the Cottonwood site, 57 backhoe sites were dug for observation and to collect soil samples. The soil profiles were evaluated for dense or stratified soils, distribution and size of gravel, and spatial changes in soil texture between pits. This sampling represented an average of about 1 Fig. 1 EM38 map of soil variability for the Nickels site along with soil-sampling sites for ground truthing designated by the circles Fig. 2 VERIS map of soil variability for the Nickels site along with soil-sampling sites for ground truthing designated by the circles Fig. 3 EM38 map of soil variability for the Cottonwood site along with soil-sampling sites for ground truthing designated by the circles backhoe pit per 0.4 ha. The locations of the backhoe pits were selected based upon the soil zones defined by the EM38 and VERIS mapping. Maps of the shallow (0-0.3 m) ECa soil zones were superimposed over the maps of the deep (0-0.9 m) soil zones to assist with positioning the backhoe sites. One or more backhoe sites, depending upon the area within a soil zone, were located within a defined zone where both the shallow and deep measurements of ECa were consistent. Some backhoe sites were purposely located in areas where the shallow and deep ECa measurements were different. The supposition was that these areas represented transitions zones from one soil zone to another.
Backhoe locations were also georeferenced using satellite differential global positioning equipment with 3-m accuracy. Since the EM38 and VERIS operators provided ECa results for the 0-0.3 m soil depth and for the 0-0.9 m depth, soil samples were collected in 0.3-m increments to a depth of 0.9 m. In total, 171 soil samples were collected at the Cottonwood site for laboratory analysis.
After the field collection of soil samples was completed, the soil samples were oven dried for 48 h at 105 degrees celsius, and total sample weight was recorded. The gravel fraction between 2 and 50 mm diameter was sieved with a #10 screen, weighed, and recorded as a percentage of the total weight. The remaining soil sample was ground and analyzed at the Division of Agriculture and Natural Resources Analytical Laboratory at University of California, Davis. Percent sand, silt, and clay using the hydrometer method (Gee and Bauder 1986) , pH of the saturated paste (McLean 1982) , and ECe of the saturated paste extract (Rhoades 1982) were determined for each soil sample. The soils within each site-specific management zone were adjusted for gravel content between 2.0 and 50 mm diameter and assigned a soil texture classification using the USDA soil texture classification system. Soils with more than 15% gravel content were defined as ''gravelly'': (Hodgson 1974; Donahue et al. 1977) .
Mean values of ECa measured with both EM38 and VERIS techniques and ground truth measurements of pH, ECe, percent gravel, sand, silt, and clay for the composite 0-0.9 m soil depth were used in this analysis. Mean ECa values were computed using a 15 m buffer radius defined around each ground truth soil sample point. All measured and interpolated EM38 and VERIS ECa data points that lay completely inside this radius were averaged for the 0-0.9 m. Then, the mean ECa value were paired with the 0.9 m composite averages for the laboratory determinations of pH, ECe, percent gravel, sand, silt, and clay. The ECa and laboratory data were analyzed using linear regression to test for significant correlations. Ground truth determinations of pH, ECe, percent gravel, sand, silt, and clay, and almond yield for the Nickels site were sorted and pooled according to soil zones defined by the EM38 and VERIS mapping. Mean values with 95% confidence limits were computed to test the EM38 and VERIS soil zones defined at each site for significant differences in the ground truth measurements of pH, ECe, percent gravel, sand, silt, and clay. Bartlett's test for equal variance was performed on the almond yield data from the Nickels site. Once equal variance among the different sample populations of yield were affirmed, an analysis of means (ANOM, Minitab Statistical Software, Version 14.0) was performed to test for statistical differences in almond yield within the specific zones identified with EM38 and VERIS soil-mapping methods. Table 1 provides the basic chemical and physical soil properties in 0.3-m increments and as bulk (0.9 m) averages for each of the study sites. The soils at the Nickels and Cottonwood sites were acidic and non-saline. The pH of the saturated paste of 216 soil samples from the Nickels site averaged 5.9 and the 95% confidence interval ranged from 5.5 to 6.2. Soil pH was slightly more acidic in the top 0.3 m of soil with pH increasing from 0.3 to 0.9 m of soil. Electrical conductivity (ECe) of the saturated soil paste from the same soil samples averaged 0.47 dS/m, and the 95% confident interval ranged from 0.28 to 0.66 dS/m. ECe was slightly higher in the 0.3 m of soil than in the subsoils. Gravel content averaged 16.4%, and the 95% confidence interval ranged from about 14.7 to 18.1% in the 0.9 m depth. Gravel content averaged 17.9, 15.5, and 16.0% in the first, second, and third increments of soil, respectively, at the Nickels site. This confirmed observations at the time of augering the soil samples that the gravel was distributed uniformly throughout the soil profile and was not stratified at specific depths. Similarly, the sand, silt, and clay content were distributed relatively uniform with soil depth, but as shown in Table 3 , substantial spatial variability in gravel, sand, silt, and clay content did exist at the site. At the Cottonwood site, the pH of the saturated paste of 171 soil samples averaged 5.7, and the 95% confidence interval ranged from 5.3 to 6.1. Soil pH appeared to be relatively uniform with soil depth. Electrical conductivity (ECe) of the saturated paste from the same soil samples averaged 0.9 dS/m, and the 95% confidence interval ranged from 0.5 to 1.3 dS/m. ECe was slightly higher in the top foot of soil than in the subsoil. Substantial amounts of gravel (39%), ranging in size from about 2 to 50 mm diameter were observed in some but not all of the backhoe pits excavated at the Cottonwood site. Overall, the gravel content averaged 5.4% with a 95% confidence interval of 2.7-8.1% in the 0-3 foot soil depth. The gravel was distributed relatively evenly throughout the soil profile, even in those areas with very high gravel content. A trend existed for gravel content to increase with soil depth but the transition was gradual averaging 3.9, 4.8, and 7.4% gravel content in the 0.3, 0.6, and 0.9 m increments, respectively. Similarly, sand, silt, and clay content was relatively uniform with soil depth but spatial variability also existed at the Cottonwood site.
Results

General soil characteristics
Slopes and correlations from regression analysis between in situ electrical conductivity (ECa) and pH and ECe of the saturate paste extracts at these sites were low because physical soil properties (gravel, sand, silt, and clay content and related properties such as porosity and waterholding capacity) were the predominant variables affecting the ECa measurements. ECe values were also relatively low and indicative of non-saline soils.
ECa mapping at Nickels soils laboratory
Figures 5 and 6 illustrate the linear relationships between percent gravel, sand, silt, and clay and in situ electrical conductivity (ECa) for EM38 and VERIS methods, respectively, at the Nickels site. Table 2 provides the slope, y-intercept, regression coefficients, and statistical probability (P value) describing these linear relationships. Table 2 shows that at the Nickels site, the linear relationship between ECa and gravel, sand, silt, and clay content was highly significant (P \ 0.01) in all cases for both the EM38 and VERIS methods of soil mapping, suggesting in situ measurements of electrical conductivity (ECa) in non-saline soils can detect physical soil properties. However, the correlation coefficients (R 2 ) ranged from a low of 48.8 to a high of 75.2%, indicating a range from relatively weak to moderately strong relationships between ECa and percent gravel, sand, silt, and clay at the Nickels site. For the EM38 and VERIS methods, the slope of the best-fit regression line was negative for gravel and sand content, indicating an inverse relationship. Gravel and sand contain predominantly large soil pores with less retention of soil water and dissolved solids to conduct current and do not have cation exchange sites to conduct current; they have less direct and continuous contact between particles to conduct current . As the ECa measurements increased 1 mS/m, the gravel and sand content decreased between 0.54 and 0.72% with EM38 and VE-RIS methods. The slope of the best-fit regression line was positive for silt and clay content. Higher silt and clay content result in soils with more total soil porosity and more intermediate and small pore size to retain soil water and dissolved solids that conduct current, have higher cation exchange capacity and have greater direct and continuous contact between soil particles to conduct current. As the ECa increased 1 mS/m with EM38 and VERIS (Table 2 ) methods, the silt and clay content increased between 0.32 and 0.38%. At the Nickels site, correlation coefficients (R 2 ) were generally more consistent and higher between ECa and gravel, sand, silt, and clay content when measured with EM38 than with VERIS. Correlation coefficients ranged from 63.1 to 75.2% for the EM38 and from 48.8 to 73.2% for VERIS. In addition, ECa measured with VERIS ( Fig. 6 ) did not correlate with gravel, sand, silt, or clay Table 3 summarizes the physical characteristics of the bulk soil (0.9 m) within each of the map zones determined at the Nickels site with EM38 and VERIS methods. EM38 measurements ranged from 24 to 72 mS/m at the Nickels site. Four map zones were identified in Fig. 1 using EM38 . The corresponding ECa levels ranged from 24 to 36 mS/m, 36 to 48 mS/m, 48 to 60 mS/m, and 60 to 72 mS/m for zones 1 through 4, respectively. Zone 1 accounted for about 12.6% of the total area. The soils in this zone averaged 23.9% gravel and the remaining soil, after the gravel had been sieved, averaged 67.1% sand 23.7% silt, and 9.2% clay resulting in a gravelly, sandy loam texture. Zone 2 accounted for 57.7% of the total area in the Nickels orchard and averaged 18.1% gravel, and 63.6, 26.6, and 9.8% sand, silt, and clay, respectively, in the sieved soil. The resulting soil texture was also a gravelly sandy loam in zone 2. Zone 3 accounted for 20.5% of the total acreage and averaged 10.9% gravel and the remaining sieved soil averaged 58.1% sand, 29.3% silt, and 12.7% clay resulting in a sandy loam texture. Zone 4 accounts for the remaining 9% of the total area. This zone averaged 5.7% gravel, 46.8% sand, 34.4% silt, and 18.8% clay in the remaining soil and falls within a loam textural class. When summed, 70.3% of the area is gravelly sandy loam, 20.5% is sandy loam, and 9.2% is loam texture.
The ECa map measured with VERIS at the Nickels site ranged from 0 to 49.3 mS/m and depicted nine map zones. Zones 1 and 2 had ECa levels ranging from 0 to 2.5 mS/m with similar physical soil properties and accounted for 37.4% of the total area. In these zones, gravel content ranged from between 21.6 and 22.8%, and the remaining soil after sieving consisted of 66.2-67.1% sand, 24.2-24.4% silt, and 8.7-9.4% clay resulting in a gravelly sand loam soil texture. Zones 3 and 4 had ECa levels ranging from 2.5 to 3.8 mS/m and accounted for 27% of the area. Gravel content averaged 17.3-17.7% and the remaining soil after sieving contained 61.6-63.8% sand, 26.6-27.8% silt, and 9.6-10.6% clay. The particle size fractions for zones 3 and 4 also correspond to a gravelly sandy loam textural class. Zones 5 and 6 had ECa levels ranging from 3.8 to 6.8 mS/m and accounted for 19.8% of the area at the Nickels site. Gravel content averaged 11.5-12.0%, and the sieved soil contained 58.2-58.6% sand, 29.3-30.3% silt, and 12.2-12.5% clay, respectively, and also fall within the sandy loam textural class. VERIS map zones 7 and 8 correspond with ECa levels ranging from 6.8 to 26.7 mS/m and make up 10.8% of the area. Gravel content averaged 6.3-6.7%, and the sieved soil averaged 51.0% sand and contained 30.3-31.4% silt, and 17.7-18.7 clay, respectively. The textural class of zones 7 and 8 was loam. Zone 9 corresponds with ECa levels ranging from 26.7 to 49.3 mS/m and accounted for 4.9% of the area at the Nickels site. Gravel content averaged 3.8%, Table 2 provides the slope, y-intercept, regression coefficients, and statistical probability (P value) describing these linear relationships. At the Cottonwood site, the linear relationship between ECa and gravel, sand, silt, and clay content was highly significant (P \ 0.01) in all cases for both the EM38 and VERIS methods of soil mapping, suggesting in situ measurements of electrical conductivity (ECa) in non-saline soils can detect physical soil properties (Table 2) . However, the strength of the correlation between ECa and percent gravel, sand, silt, and clay varied greatly. For the EM38 and VERIS methods, the slope of the best-fit regression line was negative for both the gravel and sand content, indicating an inverse relationship. As the ECa measurements increased 1 mS/m, the gravel and sand content decreased 1.21 and 2.04% with EM38 and VERIS methods, respectively. The slope of the best-fit regression line was positive for both silt and clay content. As the ECa increased 1 mS/m with EM38 and VERIS (Table 2) methods, the silt content increased 1.34 and 1.67%, and the clay content increased between 0.37 and 0.38%, respectively. These relationships were consistent with those observed at the Nickels site for the same reasons as previously discussed for the Nickels site. At the Cottonwood site, correlation coefficients (R 2 ) were generally higher between ECa and gravel, sand, silt, and clay content when measured with VERIS than with EM38. Correlation coefficients were moderately strong and ranged from 61.8 to 75.5% for the VERIS. In contrast, correlation coefficients ranged from only 13.4 and 30.2% for EM38, indicating a weak relationship between ECa and gravel, sand, silt, and clay content. The linear relationship between the gravel and silt fractions and ECa measured with EM38 at the Cottonwood site tended to weaken as the ECa level declined. The scatter among the data points increased when ECa was between 18 and 32 mS/m. Table 3 summarizes the physical characteristics of the map zones determined at the Cottonwood site with EM38 and VERIS methods. The ECa map (Fig. 3) developed with EM38 at the Cottonwood site depicts five map zones with the ECa ranging from 18 to 52 mS/m in scale. ECa measurements ranged from 18 to 27 mS/m in zone 1 and accounted for 15% of the area. Gravel content averaged 12.0% and the sand, silt, and clay content averaged 46.8, 40.0, and 13.2% sand, respectively, in the sieved soil. The resulting textural class is a loam soil. ECa ranged from 27 to 30 mS/m in zone 2 and accounted for 32.6% of the area. Gravel content averaged 7.6%, and the sand, silt, and clay content averaged 37.0, 47.0, and 13.2%, respectively, which also falls within a loam textural class. ECa levels in zone 3 ranged from 30 to 34 mS/m and accounted for 41.6% of the area. Gravel content averaged 2.6%, and the sieved soil consisted of 30.6, 52.2, and 17.2% sand, silt, and clay, respectively. Zone 3 falls within a silt loam textural class. ECa levels in zone 4 ranged from 34 to 40 mS/m and represented 9.0% of the area at the Cottonwood site. Gravel content averaged 1.3%, and the sieved soil averaged 29.8, 53.3, and 16.9% sand, silt, and clay content, respectively. Zone 4 falls within a silt loam textural class. ECa in zone 5 ranged from 40 to 52 mS/m and represented 1.8% of the area. Gravel content averaged only 0.6% gravel, while the sieved soil consists of 23, 58, and 19% sand, silt, and clay, respectively. Zone 5 also falls within the silt loam textural class. In summation, 47.6% of the area at the Cottonwood site was classified as a loam and 52.4% of the area was in the silt loam textural class.
Six map zones were identified at the Cottonwood site using VERIS. ECa measurements for zones 1 and 2 ranged from 0 to 8.7 dS/m and accounted for about 4.3% of the total acreage. Gravel content in these two zones ranged from 28.7 to 39.3%. The sieved soil from these zones contained 55-67% sand, 40-47% silt, and 13.2-16.1% clay falling within a gravelly, sandy loam textural class. ECa levels in zone 3 ranged from 8.7 to 17.4 mS/m and accounted for 14.5% of the total area. Gravel content averaged 8.6% and the remaining soil averaged 44.0, 41.8, and 14.2% sand, silt, and clay resulting in a loam texture. ECa measurements in zone 4 ranged from 17.4 to 26.9 mS/ m and accounted for 64.2% of the total area. Gravel content averaged 4.4%, while the sand, silt, and clay fractions were 35.2, 48.8, 16.0%, respectively, in the remaining soil. Zone 4 falls within the silt loam textural class. ECa levels in zones 5 and 6 ranged from 26.9 to 49.5 mS/m and represented 17.0% of the area at the Cottonwood site. Gravel content averaged 0.75%, and the sieved soil in these zones averaged 27.4% sand, 54.6% silt, and 18.1% clay. The textural class for zones 5 and 6 is silt loam. In summation, the VERIS mapping indicates that 4.3% of the area at the Cottonwood site is gravelly, sandy loam texture, 14.5% of the area is loam texture, 81.2% of the area is silt loam texture.
Discussion
EM38 and VERIS comparisons
The EM38 and VERIS maps shown in Figs. 1 and 2 show that the commercial providers prepared spatial images with different ECa scales for defining site-specific management zones, but both providers identify and display relatively similar patterns of spatial soil variability for the Nickels site. After ground truthing, the ECa map developed by using EM38 portrays 70.3% of the area as gravelly sandy loam, 20.5% as sandy loam, and 9.2% as loam texture. In comparison, the ECa map developed with VERIS shows 64.4% of the area consists of the gravelly, sandy loam, 19.8% of the area falls within a sandy loam textural class, and 15.7% of the area falls within a loam textural class.
Correlations (Table 2; Figs. 5, 6) between ECa and gravel, sand, silt, and clay content at the Nickels site were slightly stronger and more consistent for measurements made with EM38 than VERIS. Correlation coefficients ranged from a maximum of 75.2% to a minimum of 63.1% when ECa measurements using EM38 were regressed with the gravel, sand, silt, and clay fractions in the ground truth soil samples. This suggests that the dipole EM38 signal explains between 63 and 75% of the apparent gravel, sand, silt, and clay variability in the field. These correlations are comparable to other research where R 2 estimates were reported to be 0.761 and 0.741 for clay and sand models, respectively , and 0.73 for clay content (Robinson et al. 2008) , slightly less than the R 2 estimates of 0.82 for clay content (Triantafilis and Lesch 2005) and higher than other research reporting R 2 estimates of 0.15-0.62 for the silt fraction and 0.37-0.63 for clays (Sadduth et al. 2005) , and R 2 values of 0.548 and 0.406 for clay and sand content, respectively (Lukas et al. 2009 ). Correlation coefficients were slightly lower and ranged from a high of 73.2 and low of 48.8% when ECa measurements determined using VERIS were correlated with gravel, sand, silt, and clay content (Table 2; Fig. 6 ). This suggests that the ECa map developed using EM38 may more accurately portray the spatial variability of the soils at the Nickels site.
Figures 3 and 4 illustrate that the commercial providers define a similar number of site-specific management zones and show some similarities in patterns of spatial variability determined with EM38 and VERIS techniques for the Cottonwood site. However, the ECa map developed with EM38 showed 47.6% of the area at the Cottonwood site is classified as a loam and 52.4% of the area is in the silt loam textural class. In comparison, the ECa map developed with VERIS indicated that 4.3% of the area at the Cottonwood site is gravelly, sandy loam texture, 14.5% of the area is loam texture, and 81.2% of the area is silt loam texture. The most notable differences were that the VERIS provider detected a distinct management zone with very high gravel content that was not detected as clearly by the EM 38 provider. Correlations between ECa measurements and gravel, sand, silt, and clay content were higher using VERIS than EM38 at this site. Correlation coefficients ranged from a high of 75.5% and low of 61.8% when VERIS-determined ECa was correlated with the particle size analysis of the ground truth samples (Table 2 ; Fig. 7 ). These correlations were also comparable to previous research that has been published and was highlighted in the discussion of the Nickels site. Whereas correlations between ECa measured with EM38 and gravel, sand, silt, and clay fraction were considerably lower and ranged from a high of 30.2 and low of 13.4% (Table 2; Fig. 8 ). This level of correlation between ECa measured with EM38 and the gravel, sand, silt, and clay fractions at the Cottonwood site was not only significantly less than achieved with VERIS measurements at the same site, but it was subpar with correlations reported in other studies. This indicates that the ECa map developed using VERIS more accurately depict the spatial soil patterns at the Cottonwood site and that significant inaccuracies exist in the ECa map derived from EM38 measurements.
The results from these two sites provide evidence that ECa measurements acquired by both EM38 and VERIS techniques in non-saline soils correlates with the different soil particle fractions that determine soil texture and help explain the spatial variability in a field. Some error is inherent within the spatial soil patterns identified with both EM38 and VERIS. The best-fit correlations in this study between ECa and the different soil particle fractions typically had between 25 and 37% (sometimes more) unexplained variation. Other research has also reported between 19 and more than 50% unexplained error in correlations between ECa and different soil particle size fractions. It is interesting that in this study the EM38 commercial provider delivered more accurate results at the Nickels site, while the VERIS provider gave more accurate results at the Cottonwood site.
Many variables may contribute to the unexplained variation, and quite possibly they are additive in contribution to the error. It is possible that another characteristic of the soil may significantly influence ECa measurements in addition to soil texture. For these non-saline soils where ECa was measured when the soils were at field capacity to a depth greater than 0.9 m, soil bulk density may have been an influencing variable. These findings suggest it is not a case of whether EM38 or VERIS is the preferred method of measuring ECa, instead maybe the use of proprietary, deterministic, pre-specified conductivity models and methods of interpolating data were better suited to one site than the other. Similarly, methods of defining site-specific management zones (i.e. unsupervized, equal size ECa classification, or statistical methods) contribute to error. It should be noted that the conductivity model and method of interpolation used by the VERIS provider appeared to be more transferrable than the model and interpolation method used by the EM38 provider. Correlations were weaker and unexplained error was consistently greater when ECa determined by EM38 was regressed with gravel, sand, silt, and clay content at the Cottonwood site. Whereas the unexplained error was only marginally lower when ECa determined by VERIS was regressed against gravel content at the Nickels site. Correlations and R 2 estimates between ECa measured with VERIS at the Nickels site and the sand, silt, and clay fraction were comparable to those measured with EM38 at the same site and comparable to correlations reported in other studies. Other variables that may have contributed to the unexplained variation may include but are not limited to EM38 sensor drift; Sudduth et al. (2001) reported up to 3 mS/m h drift was common with EM38 and recommended use of a calibration transect to compensate for drift when surveying a field. Sensor drift has not been found to be a problem with VERIS (Sudduth et al. 2001) . Error may have also been introduced with some of the experimental methods used in this study. Due to proprietary concerns and only partial disclosure of the ECa data from the EM38 and VERIS providers, use of the inverse distance weighting (IDW) algorithm to interpolate ECa values between the EM38 and VERIS measurement transects to re-create the commercial providers' map images may have introduced some error into the correlations between ECa estimates and specific ground truth soil sample data. Differences in range of accuracy of GPS systems used in the study (i.e. less than 1.5-m accuracy for the ECa measurements and less than 3.0-m accuracy for collection of the ground truth soil samples) may have also contributed error. However, a buffer zone of 15 m was used to calculate a representative mean ECa measured with either EM38 or VERIS for pairing with the ground truth samples to compensate for the differences in GPS measurement accuracy. ECa measurements with EM38 and VERIS could not be arranged on the same days at each site; however, they were arranged within a 7-to 10-day period during February, a high rainfall month for the Sacramento Valley and in close timing to recent, and significant rainfall events.
Supplemental information to soil survey data
Nickels site
NRCS soil survey data (Harradine 1948 and Web Soil Survey http://websoilsurvey.nrcs.us.gov, 2010) show two distinct soil series: Series 150-Arbuckle sandy loam; and Series-147 Hillgate loam soil series. Approximately, 79% of the total area is the Arbuckle sandy loam soil series and the remaining 21% of the area consists of the Hillgate loam soil series. The Hillgate loam soil is located across the southern portions of the orchard. In comparison, the ECa map developed by using EM38 portray 70.3% of the area as gravelly sandy loam, 20.5% is sandy loam, and 9.2% is loam texture. In comparison, the ECa map developed with VERIS shows 64.4% of the area consists of the gravelly, sandy loam, 19.8% of the area falls within a sandy loam textural class, and 15.7% of the area falls within a loam textural class. The EM38 map, which had the strongest correlations with gravel, sand, silt, and clay content at the Nickels site agreed closely with the soil survey map and offered refinements in the understanding of the spatial soil variability. The area consisting of gravelly sandy loam ([15% gravel between 2 and 50 mm diameter) and sandy loam (\15.0% gravel) was distinguished with greater precision, and the location of the loam soil was provided with greater precision. The loam soil not only extended across the southern edge of the site but more of this soil type appeared to be located in the southwest portion of the orchard.
Cottonwood site
According to the 1967 survey for Tehama County, 95% of the total acreage at this site is classified as Zamora (Zm) silt loam soil series and the remaining 5% is Maywood (Mg) loam. The Maywood soil series is located in two small bands one in the northwest corner of the field and the other in the southwest corner of the field. In comparison, the ECa map developed with VERIS, which had the strongest correlations between ECa and gravel, sand, silt, and clay content indicated that 4.3% of the area at the Cottonwood site is gravelly, sandy loam texture, 14.5% of the area is loam texture, and 81.2% of the area is silt loam texture. The VERIS ECa map showed the gravelly sandy loam was concentrated in the north, central portion of the field, and the sandy loam soils were located throughout the west, north center, and east portions of the field. These comparisons suggest that rapid, in situ measurement of ECa determined with either EM38 or VERIS instruments operated by experienced providers may supplement existing Soil Survey data with higher resolution and more precise patterns of spatial soil variability, similar to the experience reported by Robinson et.al. 2008 .
Value of improved precision in soil mapping
The previous sections provide evidence that ECa soils maps developed for non-saline soils using either EM38 or VERIS may correlate with soil texture when soil physical properties are the dominating factor influencing ECa measurements. Also, the accuracy of correlations between ECa and soil physical properties will depend upon methods of operating the ECa equipment and processing and analyzing ECa data to define site specific management zones, In addition, soil maps of spatial soil patterns may supplement soil survey data by providing more information on spatial distribution of soils with higher resolution and precision. However, questions arise about whether the added information about spatial soil variability has practical value and whether there are practices available to manage the variability. This question was addressed in this study by examining the relationship between almond yield and the spatially variable soils identified with EM 38 and VERIS soils mapping at the Nickels site. If a correlation existed between almond yield potential and spatial variability of orchard soils, it would indicate economic opportunity and provide incentive to explore different approaches to manage the spatial soil variability. Furthermore, this assessment might lend insight into the extent that almonds adapt to the spatial soil variability and overcome it. This assessment may also give insight as to what level of higher resolution and precision is needed when attempting to better understand spatial variability in orchard soils. Figure 9 illustrates the long-term average almond yield within each of the map zones identified with EM38 and VERIS methods at the Nickels site. Table 4 summarizes the statistical analysis of almond yields within each map zone. A trend in declining almond yields was evident among the four map zones identified with EM38 mapping. Yields averaged 3,866, 3,438, 3,265, 2,772 kg/ha for map zones 1 through 4, respectively. Statistical tests suggest that yields in zone 1 were significantly higher than in zones 2, 3, and 4. Yields were not significantly different between zones 2 and 3 but yields in zone 2 and 3 were significantly higher than zone 4. This corresponding decline in almond yield within these four mapping zones affirms that the EM38 mapping effectively identified important patterns of soil variability at the Nickels site.
A trend in declining almond yield was not as evident in the zones identified with VERIS mapping at this site. Almond yields averaged 3, 574, 3, 696, 3, 466, 3, 448, 3, 398 , Fig. 9 Plots of long-term almond yield in the respective soil zones identified with EM38 and VERIS soils mapping techniques Irrig Sci (2011) 29:497-512 509 3,279, and 3,286 kg/ha in zones 1 through 7, respectively, and were not statistically significant. The yield in zone 8 averaged 2,759 kg/ha but was not significantly different from the yields in zones 1 through 7 because of large yield variations within zone 8. The average yield of zone 9 was 2,610 kg/ha, significantly lower than zones 1 through 7. These results suggest the patterns of soil variability in relation to almond yield potential were not identified as effectively with VERIS as with EM38 at this specific orchard site and agree with the lower correlations between ECa determined with VERIS and the gravel, sand, silt, and clay content of the soils at this site. Also, these results suggest that almonds adapt to modest differences in soil texture to overcome limitations on production and may render attempts to map spatial soil variability at very high levels of resolution and precision unnecessary. At a time when farming costs are near a high and investment in precision agriculture technology is increasing, EM38 and VERIS techniques to map spatial soil variability may have an increasing role in management. At the Nickels site, it appeared that almond yield declined as the soil texture diminished in gravel and sand content and increased in silt and clay content. Perhaps suggesting that soil physical properties related to soil water-holding capacity, infiltration and drainage, and fertility may be influencing almond production. It also suggested that opportunity may exist to improve the yield potential in these lower-producing zones in the orchard, if the appropriate management steps could be identified and implemented. However, identification of the appropriate management steps to manage this spatial soil variability identified with ECa mapping needs to be tempered with other knowledge and field experience. In this case, the almond orchard at the Nickels site is irrigated with relatively high frequency, microsprinkler irrigation to overcome concerns about low water-holding capacity associated with map zones characterized as soils higher in gravel and sand content and achieving the higher yield potential. Second, the Nickels site has undulating topography with up to 1% slopes and the loam soils tend to be located in the toe slopes in the south and southwest ends of the orchard where rainfall and runoff from irrigation may accumulate to create temporary conditions of poorly drained soils and negatively affect almond yield potential. If this same soil type occurred upslope, it is likely the almond yield potential would not be influenced as much or not at all. So understanding all of the parameters that may influence almond yield at this site, such as relationships of landscape position (Jones et al. 1989 ) is more complex than simply having a more precise understanding of the spatial variability of physical soil properties in the orchard.
The improved understanding of the spatial soil variability may assist identifying where to conduct in-season monitoring of soil moisture and crop water stress, and plant tissue and soil fertility status. In the future, as precision agriculture develops, variable rate fertilizer and soil amendment applicators and variable rate irrigation systems may also have a role in management that complements the use of EM38 and VERIS soils mapping.
The EM38 and VERIS soil-mapping information could be very useful in the design of irrigation systems, especially pressurized systems such as solid-set sprinklers or microirrigation systems. If the EM38 or VERIS information points to contiguous areas of differing soil types, the irrigation system could be designed with the capability to irrigate those areas differently. For example, areas could be placed on different control valves so that they could be irrigated on a different irrigation schedule. Another option would be to vary the sprinkler size or emitter flow rates to account for varying soil conditions, accommodating areas of higher or lower infiltration rates and minimizing runoff problems. Again, to do this, accurate identification of contiguous areas of like soil conditions would be necessary so that the areas could have their irrigation systems designed, ''valved'', and controlled separately.
At the Cottonwood site, the knowledge gained from the EM38 and VERIS soils mapping influenced management decisions in the orchard design. First, an approximate 1.0-ha portion of the site located in the north center edge of the Table 4 Analysis of mean almond yields in the respective zones identified with EM38 and VERIS soil-mapping methods at the Nickels site parcel was not planted to trees. It was deemed too high in gravel and sand content and too low in water-holding capacity to warrant planting and to manage with microsprinkler irrigation. Second, the information suggesting a higher proportion of gravelly, sandy loam, and loam soils influenced the seedling tree-planting density, favoring a slightly closer planting in anticipation that achieving vigorous tree growth may prove challenging across a larger proportion of the orchard. Lastly, knowledge of the spatial patterns of soil variability will be considered when implementing soil moisture and crop water stress monitoring techniques to help guide irrigation management decisions.
Conclusions
Similar to previously published research, this research shows that for non-saline orchard or vineyard soils, in situ mapping of apparent electrical conductivity (ECa), with EM38 and VERIS methods measured when soils are at field capacity, can be used to identify and better understand spatial patterns of physical soil properties. However, when two different commercial providers of ECa measurement and mapping, one using EM38 and the other using VERIS, surveyed two orchard sites, the strength of the correlation between bulk ECa (0.9 m) and physical soil properties such as gravel, sand, silt, and clay content was variable. At best, approximately 75% of the spatial variability in physical soil properties could be explained by ECa mapping at these two sites and in a worse-case scenario as little as 13% of the spatial variability was explained by ECa as an indicator of a single physical soil property such as gravel content. In general, unexplained error associated with using EM38 and VERIS ECa measurements to understand spatial variation in physical soil properties ranged from 25 to 37% in this study.
This level of unexplained variation using EM38 and VERIS technologies at these two orchard sites was consistent with previously published research, which suggests the level of performance by the commercial providers was reasonable and that use of either EM38 or VERIS to map ECa and understand spatial variability of physical soil properties is relatively equal. It also reflects that these technologies are being used to map a complex soil environment where many static and dynamic factors may influence the conductivity signal and that EM38 and VE-RIS technologies are in intermediate phases of developing their application. Based upon this experience, development and adoption of protocols and guidelines for conducting an ECa survey should continue . These protocols and guidelines might focus on accuracy issues with operating EM38 and VERIS equipment (Sudduth et al. 2005) and statistical calibration and prediction techniques for delineating site-specific management zones .
Both EM38 and VERIS methods have potential to enhance the information available from published soil surveys, which are relied upon extensively for planning and developing orchards and vineyards. In this study, a specific management zone with high gravel content was identified with VERIS mapping at the Cottonwood site that was not described in the soil survey. This area was confirmed with ground truth observations and eventually excluded from planting because it was deemed unsuitable for walnut production. In addition, tree-planting density was increased slightly to compensate for a larger proportion of land having lower water-holding capacity than initially indicated by the soil survey. Finally, the ECa map information will be used to guide where monitoring of tree water stress and soil moisture monitoring will be conducted. At the Nickels site, almond yield potential appeared to correspond with the site-specific management zones identified with EM38 mapping, further indicating that these in situ techniques of mapping physical soil properties may provide meaningful information relevant to orchard and vineyard planning, development, and production. However, use of the ECa map information at this site needs to be tempered by giving consideration to other variables that might also influence almond yield potential such as relationship to landscape position.
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